Abstract. The time course of tissue distribution of amphotericin B (AmB) has not been sufficiently characterized despite its therapeutic importance and an apparent disconnect between plasma pharmacokinetics and clinical outcomes. The goals of this work were to develop and evaluate a physiologically based pharmacokinetic (PBPK) model to characterize the disposition properties of AmB administered as deoxycholate formulation in healthy rats and to examine the utility of the PBPK model for interspecies scaling of AmB pharmacokinetics. AmB plasma and tissue concentration-time data, following single and multiple intravenous administration of Fungizone® to rats, from several publications were combined for construction of the model. Physiological parameters were fixed to literature values. Various structural models for single organs were evaluated, and the whole-body PBPK model included liver, spleen, kidney, lung, heart, gastrointestinal tract, plasma, and remainder compartments. The final model resulted in a good simultaneous description of both single and multiple dose data sets. Incorporation of three subcompartments for spleen and kidney tissues was required for capturing a prolonged half-life in these organs. The predictive performance of the final PBPK model was assessed by evaluating its utility in predicting pharmacokinetics of AmB in mice and humans. Clearance and permeability-surface area terms were scaled with body weight. The model demonstrated good predictions of plasma AmB concentration-time profiles for both species. This modeling framework represents an important basis that may be further utilized for characterization of formulation-and disease-related factors in AmB pharmacokinetics and pharmacodynamics.
INTRODUCTION
Amphotericin B (AmB) is a polyene antibiotic that was discovered more than 50 years ago for treatment of systemic fungal and parasitic infections. An important clinical advantage of AmB is that only a few cases of resistance to this drug have been reported (1) . Nephrotoxicity is a major side effect of AmB that usually requires discontinuation of the treatment. Several acute adverse reactions (fever, chilling, and rigor) might also necessitate slowing of the infusion rate. A deoxycholate micellar dispersion (Fungizone®) was the first available intravenous (IV) formulation of AmB. Other particulate formulations have been developed (e.g., liposomal AmBisome® and lipid complex Abelect®), which demonstrate similar efficacy and lower toxicity profiles. All currently available commercial formulations used in the clinic must be administered parenterally. The lack of an affordable oral delivery system, as well as high costs of the existing treatments, significantly limits AmB availability for patients especially in developing countries.
The amphiphilic nature of AmB results in a very low solubility, both in water (at physiological pH) and organic solvents (1) . In addition, it has very low membrane permeability and falls into class IV of the Biopharmaceutical Classification System (2) . Conventional formulations of AmB exhibit very low oral bioavailability; however, several promising reports have emerged for novel AmB oral delivery systems (3) (4) (5) .
Despite its extensive clinical use, the relationship between the pharmacokinetics and the pharmacodynamics of AmB is not completely understood. In fact, no correlation between plasma AmB concentrations and drug response has been established (6, 7) . A variety of complexities in AmB disposition might complicate data analysis. The drug significantly binds to albumin, α1-acid glycoprotein and lipoproteins, with unusual nonlinear binding behavior reported in humans (8) . No metabolic pathway has been identified for AmB (9) , and biliary and metabolic clearances only account for 3-40% of total elimination, which is species dependent (10) . AmB shows significant tissue distribution and prolonged tissue storage as evidenced by a high volume of distribution, slow rates of transfer from a peripheral compartment in comparison to rate of transfer to the peripheral compartment, as well as high tissue concentrations relative to plasma (11) . The distribution of AmB is highly dependent on pharmaceutical formulation (3, 12, 13) , and disease status may also influence the degree of accumulation of AmB in tissues (14) .
The interest in developing physiologically based pharmacokinetic (PBPK) models is growing as they provide a more mechanistic approach for studying drug disposition and predicting human pharmacokinetics from preclinical research (15) . This type of model may also allow for incorporating disease-related changes in physiology and assessment of their effects on drug distribution. We hypothesize that the development of a PBPK model can improve understanding of AmB pharmacokinetics and pharmacodynamics, may be utilized for evaluating therapy with existing AmB formulations, and guide development of novel formulations and routes of administration.
To our knowledge, no mathematical model of AmB kinetics in tissues has been reported. The goal of this work was to develop and evaluate a PBPK model to characterize the disposition properties of AmB administered as deoxycholate formulation in healthy rats. The second goal was to examine the utility of the PBPK model for interspecies scaling of AmB pharmacokinetics. For more complex formulations of AmB (e.g., AmBisome®), the overall disposition and elimination is governed by a combination of properties of the released and formulation-associated drug. It is hypothesized that following Fungizone® administration, the concentration of the formulation falls rapidly below a critical micellar concentration, and AmB disposition is mainly driven by the properties of the drug molecule itself (i.e., there is no significant effect of the formulation on pharmacokinetics). Therefore, it is essential to initially develop a model of AmB pharmacokinetics following Fungizone® administration.
METHODS

Data Sources
Three studies were identified that report both plasma and tissue pharmacokinetic data of AmB following single IV administration in rats. These studies mainly focused on AmB disposition into target tissues (liver, kidney, and spleen) and contained very limited data on other tissues. Gershkovich and colleagues reported plasma pharmacokinetic profiles and tissue concentrations (liver, kidney, spleen, lung, and heart) at 72 h following IV injection of AmB (Fungizone®, 0.8 mg/ kg) to male Sprague-Dawley rats (3). Fielding and colleagues reported plasma profiles and tissue concentrations at 0.5 and 24 h (for liver, kidney, and spleen, 4 and 96 h were also available) following IV injection of AmB (Fungizone®, 1 mg/ kg) to male Crl:CD(SD)BR rats (13) . Angra and colleagues reported plasma pharmacokinetic profiles and tissue concentrations at 120 h following IV injection of AmB (Amfocan®, another deoxycholate formulation, 2 mg/kg) to male Sprague-Dawley rats (16) . Mean data in each publication were captured by computer digitization and combined to create a common single dose dataset which was used for development of the PBPK model. A single study by Wang and co-workers contained pharmacokinetic data following multiple IV doses (1 mg/kg daily for 14 days) of AmB (Fungizone®) administered to male Crl:CD(SD)BR rats (17) . Tissue concentrations 24 h after the last dose and tissue halflives were reported. This information was used to calculate concentrations in tissues on Days 5 and 14 after the last dose (thereby simulating sampling times of the original study). It was assumed that there is no difference in AmB disposition between different rat strains and mean rat body weight was assumed to be 250 gr. Drug concentrations were normalized to a 1-mg/kg dose level, as systemic clearance and volume of distribution are dose independent (18, 19) . Plasma concentration-time profiles of AmB following administration of deoxycholate formulation as an IV bolus injection of 1 mg/kg to mice (20) and a 2-h IV infusion of 0.6 mg/kg to humans (12) were used to evaluate interspecies scaling of the final PBPK model.
Physiological Parameters
Physiological parameters, such as tissue weights, fractions of vascular space in tissues, and plasma flow rates to different organs, were fixed to literature values reported in Table I (21) . All tissues that were not sampled were lumped into a remainder compartment (24) . Fraction unbound in plasma (f u pl ) for mice, rats, and humans were fixed to 0.074, 0.11, and 0.052 (20) . A density of 1 was assumed for all tissues.
AmB Elimination Mechanisms
A wide range of total clearance values of AmB are reported in rats, and some of the variability can be related to the experimental methods, such as lower limit of quantification of the analytical assay and duration of sampling. In humans, the unbound renal clearance is similar to glomerular filtration rate (GFR) (8) . Accordingly, the renal clearance of AmB was calculated using f u pl •GFR. GFR was calculated using an allometric relationship, as follows: GFR L=h ð Þ¼0:3 • (body weight in kilograms) 0.75 (25) . This method provided a value of AmB renal clearance that is similar to literature values (19) . The biliary clearance of AmB was fixed to 20% of total systemic clearance (17) . As renal and biliary clearances account for less than 50% of elimination, incorporation of an additional elimination pathway was required for capturing the data, which was assigned to the remainder compartment (CL rm ).
PBPK Model Development and Modeling Strategy
Analysis of the data and construction of the PBPK were performed in several stages. For initial assessment of AmB pharmacokinetics, a non-compartmental analysis of the data was conducted. The half-lives and partition coefficients (defined as the tissue-plasma ratio of area under the concentration curves) were calculated using the linear trapezoidal rule.
At stage 1, the AmB plasma concentration-time profile was described by an explicit bi-exponential equation and different structural models for organs were evaluated independently ( Fig. 1) . In model A, the organ was represented as a single "well-stirred" compartment (where the venous plasma is considered to be in instant equilibrium with the tissue concentration) and characterized by a partition coef-
. In model B, the organ was divided into two subcompartments (vascular and extravascular) with a permeability-limited distribution (PS tissue ) and tissue-specific unbound fraction (f u tissue ). Model C, in addition to vascular and extravascular spaces, included an additional "deep tissue" subcompartment that was characterized by firstorder association (k a ) and dissociation (k d ) rate constants. Model selection was performed using a visual inspection of the model-fitted profiles.
At stage 2, a whole-body PBPK model was constructed (Fig. 2) . Additional organs were added to the model (lungs, gut, and heart), and since only a limited number of observations were available for these tissues, they were assumed to have a "well-stirred" structure (model A). The remainder compartment encompassed all nonsampled tissues. The following equations were used to describe the model structure for AmB disposition following single IV administration: Plasma (pl):
Gastrointestinal tract (gi) and heart (ht):
Spleen (sp): Liver (li):
Kidney (kd):
Lung (lu):
Remainder (rm):
where Q ti is tissue plasma flow, and V ti is tissue volume (V ti,vas and V ti,exv are the volumes of the vascular and extravascular subcompartments). The initial conditions for Eqs. 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11 were all set to zero. At stage 3, all parameters estimated during stages 1 and 2 were kept constant, and the predictive power of the PBPK model was assessed using the AmB multiple dose data set (17) . Separate data for the muscle tissue were not available in any of the single dose studies; hence, muscle was included in the remainder compartment during model development. In the multiple dose study, the concentrations for muscle tissue had been measured and were compared against concentrations in the remainder compartment predicted by the model.
At stage 4, the proposed PBPK model was fitted simultaneously to both single dose and multiple dose data. All parameters were shared between single and multiple dose data sets. In addition, to further improve the model, the structure was modified to incorporate a "deep tissue" subcompartment for kidney tissue (Eq. 8 was substituted by Eqs. 12 and 13):
At stage 5, plasma profiles of AmB following IV administration to mice and humans were simulated using the final PBPK model. Body weights of 24 gr and 70 kg were assumed, and rat physiological parameters (organ volumes, blood flows, and fraction of vascular space in the tissues) were replaced with corresponding values for mouse or human (Table I) . Species-specific f u pl values were used, whereas Kp ti , f u ti , ka ti , and kd ti were assumed to be identical among the species. Cl ti and PS ti were predicted from the values estimated for rats using an allometric equation:
where P is the parameter of interest, BW is species body weight, and B is an allometric exponent (fixed to 0.75 for renal and biliary clearances). For Cl rm the value of B was fixed to 1. It was assumed that permeability of tissues for AmB is similar and that surface area is proportional to BW 0.67
. Thus, the value of B was fixed to 0.67 for PS ti (26) .
Data Analysis
The ADAPT 5 program (Biomedical Simulations Resource, USC, Los Angeles, CA) was used for single-organ modeling, and the whole-body PBPK was constructed using MATLAB R2008a (The MathWorks, Natick, MA). All parameters were estimated using maximum likelihood, and the variance model was defined as:
where VAR i is the variance of the ith data point, σ 1 and σ 2 are the variance model parameters, and Y(θ, t i ) is the ith predicted value from the pharmacokinetic model. The goodness-of-fit was assessed by system convergence, Akaike Information Criterion, estimator criterion value for the maximum likelihood method, examination of residuals, and visual inspection.
RESULTS
Non-compartmental Analysis
Overall pharmacokinetic parameters of AmB for three plasma concentration-time profiles following the administration of a single IV dose (3, 13, 16) and for the combined data set are summarized in Table II . Tissue half-lives of AmB following administration of single IV dose (calculated for the common data set) were 22, 35, 41, and 31 h for liver, kidney, spleen, and lungs, respectively. AmB significantly distributed into tissue, and partition coefficients were 35, 25, 89, and 75 for liver, kidney, spleen, and lungs. The direct calculation of parameters for other tissues was not possible due to insufficient data.
Stage 1: Single-Organ Models
Three competing model structures (Fig. 1) were evaluated for the liver, kidney, and spleen using a fixed explicit biexponential driving function for plasma concentrations. The simplest model structure that was able to describe the shape of the concentration-time profile in the tissue was selected. The liver profile could be modeled using a single parameter (partition coefficient, model A). A longer AmB half-life in kidneys necessitated inclusion of a permeability-limited distribution (model B). The most complex concentration-time profile was observed in the spleen, which was characterized by a rapid increase in concentrations and a prolonged terminal phase. Incorporation of a "deep tissue" subcompartment (model C) was required to satisfactorily capture the shape of the AmB pharmacokinetic profile in this organ (Fig. 3 ).
Stage 2: Whole Body PBPK Model for Single IV Dose
A whole-body PBPK model was constructed according to the scheme presented in Fig. 2 using organ structures defined during stage 1. Additional organs (lungs, gut, and heart) with limited number of observations were included and assumed to have a "well-stirred" structure (model A). The proposed PBPK model allowed for a good simultaneous description of the experimental data from several studies in plasma (Fig. 4) and tissues (Fig. 5) , and estimated pharmacokinetic parameters are shown in Table III . Due to sparse sampling, parameters describing the spleen compartment could not be estimated with sufficient precision using the whole-body model, and were fixed to values estimated during stage 1.
In order to estimate intrinsic clearance parameters from the liver and kidney compartments, cumulative urinary and biliary excretion profiles were constructed using the plasma concentration-time profile described by an explicit function. Renal and biliary AmB clearances were calculated as described in the method section. Intrinsic organ clearances were estimated using these excretion profiles during initial model runs and were fixed during the final model run. As renal and biliary excretion processes were shown to account for less than 50% of total AmB elimination, an additional clearance mechanism was required for capturing the data (0.110 L/h). In addition, incorporation of permeability-limited distribution into the structure of the remainder compartment was required.
Stage 3: Simulations of Multiple IV Dose Administration
To evaluate the performance of the proposed PBPK model, a simulation for multiple dosing was performed using the model structure and parameters determined at previous stages. Model predictions were compared with experimental data obtained following IV administration of AmB (Fungizone®) to rats for 14 days (17) . Reasonable predictions of tissue concentrations were obtained for liver, spleen, lung, and heart (Fig. 6, dashed line) . Concentrations in muscle were unavailable in single dose studies, and muscle tissue was incorporated into the remainder compartment of the model. Muscle constituted approximately 50% of the mass of the remainder compartment. The model reasonably captured muscle concentrations following multiple dose administration using equations for the remainder compartment. However, concentrations in the kidney compartment were significant underestimated, and the observed half-life of AmB in the kidney was much longer than predicted.
Stage 4: Simultaneous Fit of Single and Multiple Dose Data
To improve model performance and the precision of estimated parameters, a simultaneous fit was performed using both single and multiple dose data. The initial model structure was unable to capture the data from the kidney compartment (data not shown). Thus, the model for the kidney compartment was modified to include a "deep tissue" subcompartment ( Fig. 1, model C) . The final model resulted in a good simultaneous description of both single and multiple dose data sets (Figs. 4, 5 , and 6) and allowed for the estimation of all model parameters with sufficient precision (Table III) .
Stage 5: Interspecies Scaling
To validate the final PBPK model, the ability of the model to predict AmB pharmacokinetics in other species was evaluated. AmB plasma concentration-time profiles in mice and humans were simulated by scaling parameters estimated for rats. The model predicted profiles are in good agreement with experimental data (Fig. 7) .
DISCUSSION
AmB remains a drug of choice for many serious fungal infections, despite toxicities associated with treatment and development of newer therapeutic alternatives. In addition, AmB is an important agent in treatment of several parasitic protozoan infections, including leishmaniasis, Chaga's disease, and primary amoebic meningoencephalitis. Leishmaniasis infection is considered one of the "most neglected diseases" (27) and ranked second in mortality among tropical diseases (28) . Although lipid-based formulations that are less toxic currently prevail in clinical use, it was essential to investigate the behavior of the deoxycholate dispersion. This enabled characterization of AmB distribution properties without the interplay of complex particulate formulations. In addition, the deoxycholate formulation is frequently used as a (17)), and lines are whole-body PBPK model predicted profiles after simulation using parameters estimated from single dose data (dashed-dotted line) and simultaneous fitting to the single and multiple dose data (solid line). For the remainder compartment, symbols represent concentration in muscle tissue control in preclinical disposition and activity studies for newly developed AmB delivery systems. The physicochemical properties of AmB dictate its extensive distribution and prolonged retention in various tissues. No correlation between plasma AmB pharmacokinetics and clinical outcomes has been established (6, 7) . One hypothesis is that the therapeutic effect of AmB is related to its concentrations inside target organs. Development of a model for predicting the time course of drug concentrations inside target tissues may improve understanding of concentration-activity relationships for AmB. In this work, the PBPK model of AmB following administration of the deoxycholate formulation was developed and provided a good simultaneous description of experimental plasma and tissue AmB pharmacokinetic data in rats (Figs. 4, 5, and 6 ). Furthermore, a successful prediction of plasma concentration-time profiles in mice and humans was obtained by scaling parameters estimated for rat species (Fig. 7) .
Several AmB pharmacokinetic-pharmacodynamic studies have been performed in rats and most focused on tissue distribution. However, none of the individual studies contain sufficient data for characterizing the full time course of AmB in organs or for constructing of a PBPK model. Combining information from several publications was essential for identifying the structural framework of organs and for estimating parameters with sufficient precision. The dosenormalized plasma concentration-time profiles from these studies were very similar (Fig. 4) , which can be used as a partial validation for this approach. Due to the slow nature of distribution processes, inclusion of both single and multiple dose data was critical for resolving the structural model for the kidney compartment. The available data set contained limited information on the initial tissue distribution, which can influence parameter identifiability, and this should be investigated in future studies.
A major component of total AmB clearance has yet to be characterized. The drug undergoes urinary and biliary excretion; however, these pathways account for less than 50% of elimination (10) , and no metabolites have been identified (9, 29) . To capture the data, an additional elimination pathway had to be incorporated into the PBPK model. For simplicity, this clearance was assigned to the remainder compartment; however, the nature of this process remains unknown. One possibility is that it represents binding of AmB to cell membranes inside tissues. The drug is then released back to the plasma at a very slow rate, such that plasma concentrations remain under the limit of detection for existing analytical methods. Under such conditions, tissue binding might actually manifest as an apparent clearance. Tissue data utilized in the model were based on concentrations in homogenized samples. No information is currently available on AmB concentrations in different tissue subcompartments (e.g., interstitial fluid and cell fraction), which could be important for treatment of intra-and extracellular infections. The developed PBPK model mainly focuses on target organs for AmB therapy of fungal infections and visceral leishmaniasis. Further research is needed to include other tissues, such as muscle (target organ in treatment of Chagas disease), skin (target organ in cutaneous leishmaniasis), bone, and fat, which constitute up to 70% of body mass.
The biodistribution of lipid-based AmB formulations (e.g., liposomal AmBisome® and lipid complex Abelect®) is different from the distribution of AmB administered as deoxycholate dispersion. These differences arise from recognition and uptake of particulates by macrophage cells of the reticuloendothelial system, which results in greater concentrations in liver and spleen as compared to Fungizone®. Plasma pharmacokinetics can also vary among different lipid-based systems, and this is attributed to the effect of the size of particulates on the uptake rate by phagocytic cells (3) . The pharmacokinetics of AmB following administration of lipid-based formulations is probably governed by a combination of properties of formulationassociated AmB and drug released from the formulation. In addition, disease states can affect the disposition of AmB. Concentration of AmB in liver and spleen of leishmaniasisinfected mice were significantly lower than in non-infected animals following administration of AmBisome®. Differences were also correlated with the rate of disease progression in different organs (14) . These effects might be attributed to impairment in the function of the reticuloendothelial system caused by infection. In fact, it has been demonstrated in vitro that the phagocytic activity of macrophages infected by Leishamnia donovani is less efficient than that of non-infected cells (30) . Our PBPK model for AmB represents a platform that can be further modified to encompass both formulation-and disease-related effects on AmB disposition and elimination in the future.
One of the purposes of pharmacokinetic modeling is to understand interspecies differences and to predict drug (20) and black square, (12)), and lines are whole-body PBPK model predicted profiles after simulation using interspecies scaling of parameters estimated using rat data behavior in humans from preclinical data. Several attempts of scaling plasma AmB PK were reported, where allometric coefficients and exponents were obtained empirically by plotting corresponding parameters (e.g., clearance, volume, mean residence time, and half-life) against species body weights (10, 20) . The predictive performance of our final PBPK model was assessed by evaluating its utility in predicting PK of AmB in mice and humans. The model demonstrated good predictions of plasma AmB concentration-time profiles for both species (Fig. 7) . The scaling was done by combining species-specific physiological parameters and model parameters that were scaled with body weight using theoretically expected allometric exponents (31) . One advantage of the physiologically based approach is an inherent ability to describe the time course of drugs in various tissues. Combining PBPK modeling with allometry can provide a mechanism for predicting AmB concentrations in human organs that cannot be readily assessed experimentally.
Various animal models of human disease are often utilized in preclinical drug development. Specifically, AmB activity has been evaluated in mice (14) , rats (32) , hamsters (33) , and dogs (34) . Unfortunately, pharmacodynamic studies are rarely accompanied by a thorough biodistribution investigation in the same species. The PBPK modeling approach allows for sharing of a common model structure and known parameters. Thus, data from separate studies can be analyzed simultaneously and missing data from one trial can be complemented by information from another trial.
CONCLUSION
In the current study, a PBPK model for AmB administered as a deoxycholate formulation was developed using rat data and validated by predicting pharmacokinetic profiles in other species. The model successfully described various factors influencing AmB pharmacokinetics and helped identify future experimentation required for resolving complexities in its biodistribution. This modeling framework represents an important basis that can be further utilized for characterization of formulation-and disease-related factors in AmB pharmacokinetics and pharmacodynamics and for understanding the extent and time course of absorption from newly developed oral formulations.
